Thin-film evaporation from a meniscus in a confined space, which is the basis for many two-phase cooling devices, is experimentally investigated. The meniscus formed by heptane, a highly wetting liquid, on a heated, fused quartz substrate is studied. Microscale infrared temperature measurements performed near the thin-film region of the evaporating meniscus reveal the temperature suppression caused by the intensive evaporation in this region. The high spatial resolution (~6.3 µm) and high temperature sensitivity (~20 mK) of the infrared camera allowed for accurate measurements. The effects of meniscus thickness and applied heat flux on the thin-film heat transfer distribution and rate are also explored.
INTRODUCTION
Evaporation from a meniscus serves as the basic mechanism in many two-phase cooling devices such as heat pipes, thermosyphons, vapor chambers, two-phase cold plates and capillary pumped loops. Thin-film evaporation, which takes place near a solid-liquid-vapor junction, has long been believed to be the dominant mode of heat transfer in such systems [1] . The efficacy of heat transfer in thin films is attributed to a high disjoining pressure gradient [2] which results in liquid being pulled into the thin-film region, as well as the very low thermal resistance resulting from the small film thickness. The intensive evaporation near the triple line creates a temperature gradient along the meniscus. This results in a surface tension gradient that gives rise to thermocapillary convection. Both the evaporation from the thin film as well as the thermocapillary convection induced have been reported in the literature [3, 4] to play a major role in the total heat transferred. However, the exact role and nature of these processes is still not completely understood.
Wayner and co-workers [ 5 ] carried out extensive theoretical and experimental studies in this field and delineated several important factors influencing thin-film evaporation. Ma and Peterson [6] developed experimentally verified models for evaporation from V-grooves to predict their maximum heat transport limit. Holm and Goplen [7] were the first to develop an approximate method for predicting heat transfer from capillary grooves. They found that nearly 80% of the total heat transfer takes place from the thin-film transition region.
Stephan and Busse [8] developed a model to describe the heat and mass transport in the microregion of the meniscus in a Vgroove. Their numerical model agreed well with the measured heat transfer data and showed that up to 50% of the entire evaporation can take place in the microregion despite its small geometrical dimensions. Other researchers [ 9 , 10 ] have attributed as much as 90% of heat transfer to the thin-film region. However, Park and Lee [11] suggested that the thinfilm contributed less than 5% of total heat transfer due to its small geometrical extent. A recent model developed by Wang et al. [12] showed that 20% of the heat transfer takes place from the thin-film region but as much as 60% of the overall heat transfer takes place from a 1 µm thick micro-region. In terms of experimental investigations, interferometry and ellipsometry have been widely employed in the study of thin liquid films. Mirzamoghadam and Catton [13] focused on a 2D meniscus generated by an inclined, partially submerged, heated flat plate in a pool of liquid. They studied the temperature in the liquid using laser holographic interferometry. The general characteristics of the meniscus region, where the combined influence of natural convection, conduction, and surface tension gradients are important, were deduced. Xu and Carey [9] assumed that heat transfer occurs only through the thin-film region and developed a model whose results were in reasonable agreement with their experiment. Dasgupta et al. [ 14 ] studied a 2D extended meniscus of heptane using
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ellipsometry and found high mass fluxes in the thin-film region using a semi-empirical model. However, their model neglected vapor diffusion effects. Panchamgam et al. [15] conducted interferometry experiments with pentane on a quartz substrate under saturation conditions and demonstrated for the first time that the disjoining pressure controls fluid flow within an evaporating, completely wetting, thin film.
Höhmann and Stephan [16] and Buffone and Sefiane [17] used liquid crystals to measure local temperatures underneath an evaporating meniscus. Thermochromic liquid crystals (TLCs) are organic compounds that reflect light when their temperature falls within a certain range, usually termed as their event temperature range. The color displayed by the TLCs can be related to the temperature of the surface. However, this technique suffers from large uncertainties and from the limited lifetime of the TLCs (ranging from a few minutes to 1-2 hours).
With advances in technology, infrared thermography is fast becoming an attractive option due to its non-intrusive nature, high resolution and high temperature sensitivity. Jiang et al. [18] and Buffone and Sefiane [19] demonstrated temperature measurements on the meniscus surface with an infrared (IR) camera (SC3000, FLIR, Inc.). Jiang et al. [18] carried out experiments on a thin film on a cylinder and concluded that nearly 20-40% of the heat transfer occurs through the thin film region. It is to be noted that the true emissivities of the surfaces were not considered in [18, 19] , and all surfaces were instead assumed to have an emissivity of unity. The design of these experiments did not allow for the temperature distribution all along the meniscus to be obtained. The temperature drop in the all-important thin-film region was also not clearly observed.
In the present work, a steady two-dimensional meniscus in a channel subjected to constant heat flux is studied. The fluid lost to evaporation is replenished using a syringe pump to achieve a constant evaporation rate. The effects of applied heat flux, evaporation rate and channel width on thin-film evaporation are investigated. A high-end, science-grade IR camera is used for temperature measurements. This camera provides a spatial resolution of ~6.3 µm and a temperature sensitivity of 20 mK. The test setup allows for temperature measurements right at the triple line; resolution to this scale has hitherto not been achieved. The measurements allow for critical parameters to be evaluated in situ and then used to obtain additional details concerning the evaporation process. A sub-region of the meniscus of thickness less than 10 µm is examined. A heat balance analysis is carried out to delineate the contribution of the sub-region heat transfer to the total. Figure 1 shows details of the test setup in side view. The vertical space between a 76.2 mm dia, 500 µm thick fused quartz wafer and a 58.42 mm outer dia, 5.08 mm thick acrylic top piece acts as the channel of interest. This 'channel' is mounted on a linear stage that enables precise control of the channel width (accuracy ~ 10 µm). A constant heat flux is provided to the thin film using a 150 nm titanium layer deposited on the underside of the quartz wafer with standard microfabrication procedures. The titanium heat source is annular in geometry with inner and outer diameters of 58.42 mm and 76.2 mm, respectively. Liquid continuously fed from a syringe pump enters the test piece through an axial inlet and forms a meniscus right above the heat source, causing it to evaporate into the atmosphere. The meniscus so formed has two solid-liquid-vapor junctions, one on the quartz substrate and the other at the edge of the acrylic top piece. The circular geometry naturally eliminates any edge effects that would be present in a rectangular domain.
Prevention of the formation of a thin film at the acrylic junction proved to be challenging. Even a small amount of liquid spread on the acrylic formed liquid fingers because of surface irregularities, rendering difficult an accounting of the net liquid-vapor interfacial area. A hydrophobic teflon coating on the angled edge of the acrylic proved effective in containing the liquid film precisely without creeping on to the acrylic. An infrared camera (Merlin, FLIR Inc.) with a 4X objective is used to capture the temperature contours and a goniometer (CAM 100, KSV Instruments Ltd.) with a backlit LED light is used to image the meniscus. The IR camera was carefully calibrated with a high-sensitivity, high-stability blackbody (2000 series, SBIR Inc.). Performing an in situ calibration proved effective in removing the effect of background radiation. High purity heptane (Sigma-Aldrich, 99.99%), a highly wetting liquid with a boiling point of 98°C is used as the test fluid. The quartz wafer is solvent-cleaned, blow-dried with extra-dry grade nitrogen and later rinsed with heptane before each run. The system was left to equilibrate with its surroundings for 2 hours before recording data. Data sets in which any foreign particles were observed on the surface were discarded. Liquid menisci formed at five different evaporation rates and four different heat fluxes in two different channel widths are investigated for this work. 
Transmissivity of Heptane
Assuming the fluid to behave as a semitransparent solid [20] , its transmissivity based on the complex index of refraction [ 21] in the infrared regime is calculated for obtaining an accurate estimation of liquid temperatures. Figure 2 shows the transmissivity of an 80 µm thick heptane layer. It is noticed that the liquid remains nearly transparent in the bulk of the infrared regime. Figure 3(a) shows the image of a heptane meniscus on a 500 µm thick polished fused quartz substrate that is heated from below. Taking advantage of the IR transparency of heptane near the contact line, infrared measurements are used to capture the temperature of the wafer top surface (T_top) and temperature of the titanium layer on the underside of the meniscus (T_bottom). The emissivities of both surfaces are obtained by capturing a thermal image at room temperature and adjusting the emissivity until the temperature reads room temperature; the emissivities were thus found to be 0.80 and 0.44 for the wafer top and the titanium layer, respectively.
The shape of the liquid-vapor interface is extracted from the digital images acquired during the experiments using edgedetection algorithms in MATLAB [ 22 ] . A representative image of the meniscus is presented in Figure 3(a) , in which the liquid region is opaque and the air is transparent. Any noise and artifacts in the image are removed to facilitate better edgedetection. Figure 3 (b) and (c) are thermal images of the wafer top and titanium layer. 'Liquid region' corresponds to the wetted portion of the image while 'Dry region' indicates the superheated surface adjacent to the liquid meniscus. In both images, it is seen that the thin-film region near the contact line is the point of lowest temperature indicating its high efficiency. The temperature drop is less evident on the wafer underside than on the wafer top because of the smearing caused by the lateral conduction in the wafer. Similar temperature drops under the thin film were also observed in [16, 17] . 
RESULTS AND DISCUSSION

Dependence of Meniscus Shape on Evaporation
The meniscus shape is an important parameter in determining the heat flux through the thin-film region [12] . The meniscus shape, and thus the effective area of evaporation, is varied in the experiments by controlling three independent parameters -evaporation rate (Ψ), heat input (q input ) and channel width (w). Each of these effects is explored in the following.
The effect of mass flow rates on the film profile in two different channels of widths 500 µm and 600 µm at a constant applied heat flux of 821 W/m 2 is seen in Figure 4 . The lines represent polynomial fits to the photographed meniscus shapes detected using MATLAB. It is seen that the meniscus shape varies significantly with mass flow rate and channel width. At a constant heat flux, increasing the evaporation rate requires a larger interfacial area for evaporation thereby changing the film profile. This is observed in Figure 4 (a) and (b) where the contact line extends forward with increasing evaporation rate. The effect of heat flux on film profile in two different channel widths of 500 µm and 600 µm at a constant mass flow rate of 9.9×10 -5 kg/s is seen in Figure 5 . At a constant evaporation rate, increasing the heat flux requires a smaller interfacial area for evaporation. This is observed in Figure 5 the contact line recedes and contact angle increases with an increase in applied heat flux, which is in agreement with the trends found in ref. [12] . High heat fluxes necessitate higher capillary pressure gradient needed for intensive evaporation near the contact line thereby causing an increase in contact angle. In both Figure 4 and Figure 5 , changing the channel width is also seen to affect the meniscus shape, although not strongly.
The total interfacial area of evaporation is calculated by integrating the polynomial fit. This area is plotted against heat flux for different evaporation rates in Figure 6 . It is observed that the available area for evaporation decreases inversely with heat flux. 
Microscale Temperature Measurements
To understand the heat transfer near the thin-film region, a 10 µm thick sub-region as identified in Figure 7 is considered. Figure 8 (a-d) depict the temperature maps near the contact line at four applied heat fluxes. Each figure shows the temperature distribution along the wafer top and the wafer underside. The sink effect of the thin-film region signifying its high efficiency is captured in these temperature maps. Lateral conduction in the quartz substrate leads to a smearing of the temperature valley on the underside. Höhmann and Stephan [16] observed a ~ 0.2 K temperature drop near contact line over a region of 35 µm length on the underside of the substrate. Jiang et al. [18] observed a ~ 0.4 K temperature drop near the contact line over a region of ~ 300 µm length; however, only three data points were obtained over the region. The length over which the temperature drop is seen is a strong function of the experimental setup. Figure 8 (a-d) reveal that the temperature drop increases with increase in applied heat flux. This is in agreement with the results of [18] . 
Sub-region Heat Transfer
While this is a multimode and three-dimensional heat transfer problem with conjugate conduction effects, an approximate heat balance analysis is carried out here based on the temperature measurements in Figure 8 . The ratio q sub-region / Ψ h fg gives the fraction of heat being transferred through the meniscus subregion. Heat balance shows that as much as 60% of the heat transfer takes place through the sub-region identified in Figure  7 . This value is in reasonable agreement with the value cited in the literature [7, 8, 12] . A more rigorous analysis including vapor diffusion-coupled evaporation [23] would yield a more accurate value for this fraction. 
CONCLUSIONS
A novel experiment has been designed to investigate the heat transfer characteristics of the thin-film region in a twodimensional meniscus. The effects of applied heat flux, evaporation rate and film thickness on thin-film evaporation are investigated. The net interfacial area of evaporation was found to decrease inversely with an increase in applied heat flux.
Microscale infrared thermography revealed a temperature drop at the triple line indicating the effectiveness of thin-film heat transfer. The temperature drop was found to increase with increasing heat flux. An approximate heat balance analysis shows that nearly 60% of heat transfer takes place through a sub-region of the meniscus that is less than 10 µm thick.
In ongoing work, a broader parametric study is being conducted that will serve to benchmark a comprehensive model of thin-film evaporation.
